Abstract The aim of this research was to assess the rate of increase in the level of tuber infection by PVY, PVM, and PLRV during three consecutive years of multiplication in the field for 17 new cultivars registered in Poland in 2009-2011 and for two cultivars not listed in the registry but popularly cultivated. The research was conducted in Bonin near Koszalin (north-western Poland) in 2010-2013. Tuber infection was assessed using DAS ELISA in a grow-out test in the winter-spring period. Among the 19 cultivars examined, eight had high resistance to PVY (above grade 8 on a scale of 1-9); during the 3-year research period, they were not infected. Also, cv. Gawin seemed more resistant than previously assumed. In contrast, cvs. Hermes and Sylvana, which were rated in the Netherlands as quite resistant, were clearly very susceptible (grade 3-4) in Polish conditions, as within 2 years 100% of tubers were infected with this virus. The greatest susceptibility to PVM was shown by cvs. Danuta and Stasia, 50% of which were infected, despite moderate exposure to the virus. Cultivars Zenia, Etiuda, Jubilat, and Viviana appeared very resistant to PVM as the number of infected tubers did not exceed 5%. PVM was not detected in the tubers of cvs. Bursztyn, Gustaw, and Legenda, which confirmed that these cultivars possess the Rm gene. Not all cultivars regarded susceptible (grade 3-4) to PLRV were infected. The virus was not found in tubers of cv. Bursztyn, while in cv. Hermes, assessed in the Netherlands as being quite resistant, almost 40% of tubers were infected.
Introduction
In seed potato production, the greatest harm is caused by viruses that infect tubers and decrease the quality and quantity of the harvest (Whitworth et al. 2006; Islam et al. 2014 ) and thus constitute the main cause of seed material degeneration. The potato viruses considered as the most important ones, not only in Poland, are Potato virus Y (PVY), Potato virus M (PVM), and Potato leafroll virus (PLRV). They all are transmitted by aphids, but only PLRV is transmitted in a persistent way. A characteristic feature of nonpersistent transmission (PVY, PVM) is that viral particles can be acquired and then transmitted in seconds by the probing aphid (Kostiw 1987) . In recent years, the PLRV threat to potato crops in Poland has diminished (Kostiw and Sekrecka 2009; Kostiw 2011; Wróbel and Wąsik 2013) , though, in the mid-1970s, it was considered to be the most important virus after PVY (Gabriel 1989) . Meanwhile, the importance of PVY has grown because of changes in the virus strains' populations (Chrzanowska 2004 ) as well as a significant increase in the share of susceptible cultivar production (Kostiw 2013a; Wróbel and Wąsik 2013) . Currently, PVY is the fifth on the list of the most economically important plant viruses around the world (Scholthof et al. 2011) . It belongs to the family Potyviridae and has been classified into five strain groups of varied immunological characteristics: PVY O , PVY N , PVY C , PVY Z , PVY E (Chikh Ali et al. 2013) . Genomes of these strains additionally tend to re-combine easily which leads to the formation of recombinants of different biological and immunological features, e.g., PVY NTN-NW (Chikh Ali et al. 2010) . At present in Poland, there are mainly isolates of PVY N-Wi and PVY NTN (Zimnoch-Guzowska et al. 2013) . In 2008, about 65% of the entire PVY population was constituted by the PVY NTN strain and 30% by PVY N-Wi . Two years later, the ratio reversed and the share of PVY NTN was only 14%, and of PVY N-Wi -just over 60%. In general, one can say that nearly 90% of the overall PVY population is represented by the PVY N strain which dominates also in other European countries (Dědič et al. 2008 ; Van der Vlugt et al. 2008; Lindner 2008; Rolot and Steyer 2008) . Once frequent, PVY O has been very rare in Poland over the past few years (Kaczmarek et al. 1998; Chrzanowska 2009; Zimnoch-Guzowska et al. 2013) . However, in some countries, like for instance the USA or Canada, it is of more significance than in Europe (Bai et al. 2010; Gray et al. 2013 ).
Aphids accidentally flying over potato plantations in search for a host plant, but for whom potatoes are no host plants (i.e., non-potato-colonizing aphids), have significance in non-permanent virus vectoring, including PVY in the initial stage of the growth season (Kostiw and Robak 2008 , 2009 . It is connected to the facts that in Poland's natural conditions their flights take place earlier (about 2 weeks) than those of potato-colonizing aphids and that they have a higher flight activity. Some nonpotato-colonizing aphid species are capable of transmitting non-permanent viruses (Sigvald 1984; Kostiw 1987; Kostiw and Robak 2002) .
PVM, like PLRV, is less common now than it was 30 years ago (Zagórska and Chrzanowska 2007) . According to Chrzanowska et al. (2011) , it is encountered in approximately 10% of all assessed samples, but most PVM strains found in Poland are rather weak, which under field conditions give weak symptoms on potato plants. Because protecting against virus infection is difficult and aphid control is ineffective (Milošević 1996; Wróbel 2014a) , cultivar resistance has acquired a greater importance in potato seed production (Styszko 1993) .
The assessment of the resistance of registered potato cultivars to PVY and PLRV, despite the simplified procedure in use since 2004 (Michalak 2006) , accurately characterizes cultivars resistant to viruses and singles out those with extreme resistance. The assessment, using a 9-point scale (Chrzanowska et al. 2011) , is comparatively precise in determining resistance, yet a substantial difference in the increasing infestation of cultivars of similar resistance levels with particular viruses under field conditions can be seen. Moreover, foreign cultivars, despite being assigned high field resistance for particular viruses in their countries of origin, prove to be much more susceptible to infection in Polish conditions (Świeżyński et al. 2001 ). There are also cultivars that, when multiplied up to a larger scale under production conditions, prove to be more susceptible than previously assessed (Wróbel and Turska 2005; Wróbel 2012 ).
Many years ago, Poland was divided into spheres (regions) which are more or less adequate for potato seed production. It is connected with the pressure of aphids-virus vectors. These spheres have been in use until present and so potato seed production is centred in the north of the country due to the most favorable conditions. The assessment of cultivar resistance is of a huge importance in terms of regionalization of crops and suggestions for the exchange of seed potatoes. High resistance of cultivars that has been observed (no virus infection) in spite of a large number of infection sources is a signal that in production conditions where there are not so many sources of the virus, exchanged seed will degenerate more slowly than in the case of susceptible cultivars.
The aim of this research was to assess 17 potato cultivars registered during 2009-2011 and two relatively popular ones that are not registered, with respect to the rate of tuber infection with PVY, PVM, and PLRV in the years following multiplication, in field conditions in the north of Poland.
Material and Methods
The research was carried out during 2010-2013 in the village of Bonin, near the city of Koszalin, in north-western Poland (54°09' N, 16°15' E). Nineteen potato cultivars were examined, having known resistance levels to PVY and PLRV ranging from very susceptible to highly resistant according to the assessment by the Research Centre for Cultivar Testing (Polish abbreviation COBORU). The same cultivars were also tested for PVM. However, resistance levels for this virus were known only for four of the investigated cultivars. Based on the obtained results, these cultivars were grouped according to their resistance to PVM using the PVM-resistance classification system previously proposed by Wróbel (2012) . In the last week of April of the first year, 100 seed tubers of each cultivar, obtained directly from a breeder, were planted in the field. To ensure the healthiness of the seed potatoes, they were assessed using DAS ELISA in a grow-out test prior to planting according to the procedure described by Wróbel (2014b) . Polyclonal antibodies by Neogen Europe Ltd. (PVY-cat nr. 1142-07; PVM-cat nr. 1042-07; PLRV-cat nr. 1038-07) and microtiter F-type plates Grainer Bio-One (cat nr. 655101) were used. 4-Nitrophenyl phosphate disodium salt hexahydrate was used as a substrate, which in a positive reaction becomes yellow. Reading was made after 60-180 min (when absorbance value for the positive control exceeded 1.3) using the Dynatech MR 5000 plate reader, taking for a certain positive reaction an absorbance value above 0.2. If the results were uncertain (absorbance in range 0.1-0.2) DAS ELISA was repeated. To perform the test, a sample containing an eye was collected from each tuber and planted in a glasshouse in a pot filled with peat substrate, while the remaining part of the tuber was subsequently planted in the field. Each plot had 100 potato plants (50 plants per row × 2 rows, each planted in an area of 0.75 × 0.3 m). Additionally, 50 potato plants that were secondarily PVY, PVM, and PLRV infected were planted near each plot to provide the source of infection. These plants originated from a seed of one susceptible cultivar which had been planted in the field for many years and acquired viruses in a natural way. According to random samples on these infector plants, each plant was infected with PVY, about half of them were also infected with PVM, and about a third was infected with PLRV. Application of these infection sources created a viral pressure that was many times higher than in production conditions. Moreover, the assessed cultivars became infected during the years of research comprising at the same time new sources of infection. The format of the experiment was as follows: the first row was planted with virus sources (infector plants), followed by four rows with tested cultivars (two rows with 50 plants per row for a single cultivar), followed by a single row (50 plants) with virus sources. Such a format was repeated for all assessed cultivars. This arrangement was intended to increase virus pressure by providing a nearby inoculum source.
Every year during the period from May 1 to August 31, the flight activity of aphids was monitored. For this purpose, two yellow water traps (round, plastic yellow dishes (bowls), 23 cm in diameter and 10 cm high half-filled with clean water with no detergent added) were set up in the vicinity of the experimental plots, positioned on a black fallow plot with dimensions of 20 × 20 m, the aphid plot. Potatoes were planted around the aphid plot at 3 m from the edge. The traps were emptied every day, and the aphid species were determined. Keys by Müller (1966) and Taylor et al. (1980) were used. Depending on the year of the research, the aphid plot was located at most 30 m away from the plots with tested cultivars. Additionally, every 10 days, aphid colonization was investigated using the B100 leaves^method using the potato plants growing around the aphid plot. Observations were made by randomly collecting 100 individual leaves from the middle part of the plants and counting all aphids and subdividing them into species. Observations were made 10 times during the growing season (1000 leaves in total).
During the growth season, aphids were not controlled, only chemical protection against fungal diseases was provided. One treatment per season -July 8, 2011 -June 16, 2012 -June 30, 2013 was carried out against Colorado potato beetle using Nomolt 150 SC (active ingredient teflubenzuron) at a dose of 0.25 l ha −1 . At the end of the growing season, one tuber from each plant was collected to assess virus infection. This amounted to 100 tubers per cultivar in total after the first year of the study. In subsequent years, the number of tubers gradually decreased because of rotting during storage. Virus infection of the collected samples was assessed using DAS ELISA in a grow-out test in the spring of the following year in an analogous way to that described above. From each tuber, a fragment containing one eye was removed and planted in the glasshouse in order to assess virus infection while the remaining part of the tuber was planted later directly in the field. The procedure was repeated in each year for all the assessed cultivars. Such practice allowed one to assess each plant from the start of the experiment and monitor the healthiness of its progeny tubers in subsequent years of the research. Infection level was defined as a percentage of infected tubers.
Results

Aphids
The potato-colonizing group of aphids found was composed of two species only-Myzus persicae and Aphis nasturtii. During the study period, a very small number-91.5 specimens of potato-colonizing aphids-were collected in the yellow water traps (Table 1) . At the same time a large number-2194 aphidswas recorded on plants (Table 1) . Among the trapped colonizing aphids, the dominant species was M. persicae. The non-potato-colonizing aphids were very frequent in traps, (1975.5 aphids per trap- Table 1 ), but on plants only few (29 aphids) were recorded (Table 1 ). An especially high number of aphids from both groups was collected in 2012, when their number equalled to about half of the number recorded for all four seasons. Among the trapped non-potato-colonizing aphids, the most numerous were Aphis fabae, Hayhurstia atriplicis, and Cavariella aegopodii; however, most specimens of these species were recorded during one season only (2012 for A. fabae and C. aegopodii and 2013 for H. atriplicis), and only H. atriplicis was recorded during all seasons of investigation (Table 2) . Less numerous but more constantly recorded during all seasons of investigation were Brevicoryne brassicae, Cryptomyzus galeopsidis, and Rhopalosiphum padi ( Table 2 ). The flights of non-potato-colonizing aphids occurred earlier, even up to 2 weeks, than flights of potato-colonizing aphids (Fig. 1) . 
PVY
In the group of cultivars that were extremely resistant (grade 9) to PVY, no PVY infections were recorded during the entire investigation period (Table 3) . Only in 1 year, single plants of cultivar Stasia were infected, but this finding was not confirmed in subsequent years. Among grade 7 cultivars, the infection level was very low-in the range from 0 to 5.4%. Only cv. Gawin seemed to be more resistant than was previously assumed, since no PVY was recorded in the tested tubers over the course of three consecutive years. The next group comprised susceptible cultivars of grade 5-6, among which the cultivars Etola and Viviana were rapidly infected; the percentage tubers infected with PVY after 3 years was 72.3 and 98.9%, respectively. The very susceptible cultivars were mainly Dutch cultivars, two of which (Hermes and Sylvana) have not been assessed for their resistance to viruses under Polish conditions. During 2 years of the study, as many as 100% of the tubers were infected with the virus.
PVM
In the field research, the greatest susceptibility to PVM was found in cultivars Danuta and Stasia, of which over 50% of the tubers were infected after 3 years of multiplication (Table 4) despite only moderate pressure from the virus during the study period. In cultivars Altesse, Gawin, Gwiazda, Hermes, Jurata, Michalina, and Sylvana, 25% of the tubers were infected, which classifies them as susceptible to PVM (Table 5) . Cultivars Zenia, Etiuda, Jubilat, and Viviana were found to be very resistant to PVM, as the percentage of tubers infected by the virus after 3 years did not exceed 5%. No PVM was detected in the tubers of cultivars Bursztyn, Gustaw, and Legenda.
PLRV
Most of the assessed cultivars were not infected by PLRV, especially those whose resistance was above 5-6 (Table 6 ). Cultivar Jubilat was the only exception, as 42.3% of its tubers were strongly infected in the third year. However, for this cultivar, only 52 tubers were assessed in the third year out of the original 100 planted in the first year because other tubers were lost due to rot. Among the cultivars that were most susceptible to PLRV (grade 3-4), some were not infected (for instance, Bursztyn), whereas in the case of cv. Hermes, as much as 40% of the tubers became infected in Poland. Cultivar Michalina, which was planted with a 20% virus load, showed an increase in the infection level of its tubers to nearly 100%, although in the first year no increase in infection level was recorded. 
Discussion
Aphids are main vectors of potato-infecting viruses. The viral infection pressure depends both on sources of infection and on presence of aphids capable to transmit viruses to new plants. During the study period, very small numbers of potatocolonizing aphids were collected in the yellow water traps. At the same time, these aphids were numerous on plants, confirming that potato is their host. Among the trapped aphids, the dominant species was M. persicae (Table 1) , the numbers of which were recently reported to be decreasing by Kostiw and Robak (2013) . According to these authors, A. nasturtii is currently present in greater numbers than M. persicae. Their observation is confirmed in this research. A. nasturtii was observed mainly on potato leaves, not in yellow water traps (Table 1) , which suggests that this species can be a Resistance on a scale of 1-9 (9 = extremely resistant) according to Michalak (2015) ; Ry, resistance gene according to Plich and Flis (2012) b Values in the first year indicate the base health of potato seeds (in some cases lower values of infection in successive years resulted from decreasing tuber numbers in some samples due to rot) c Lack of resistance in Polish conditions-proposed resistance rating after this research d The number of tubers remaining after the last year of reproduction out of 100 potatoes planted in the first year of the experiment currently the most important potato-colonizing aphid and thus it is probably the main vector of potato viruses. The number of non-potato-colonizing aphids was high in traps but very low on plants, confirming that potato is not their host. However, their flights may occur even 2 weeks earlier than flights of potato-colonizing aphids (Fig. 1) . During Michalak and Wasilewicz-Flis (2013) , Michalak (2015) accidental flights, these aphids may transmit PVY, PVM, and PVS when probing a plant to check its suitability as a food source. Similar differences in dates between flights of colonizing and non-colonizing aphids were reported previously by Kostiw and Robak (2008) . For this reason, non-colonizing aphids have recently acquired practical importance in transmitting non-persistent viruses like PVY, PVM, and PVS (Kostiw and Robak 2008; Verbeek et al. 2009 ). PVY spread most intensively; in recent years, it has played a dominant role because of the increase in crops of foreign cultivars (mainly Dutch) susceptible to it, as well as changes in the population of virus strains (Chrzanowska et al. 2011; Wróbel and Wąsik 2013) . Since 2010, the spread of PVY on the experimental plots located in the north of Poland increased, reaching maximum values in susceptible cultivars in 2012 (Table 3) . A similar trend was recorded for PVM (Table 4) . For PLRV, only a few susceptible cultivars were clearly infected. The increase of virus incidence in the subsequent years of the research and reaching its highest value in 2012 was mainly connected with the increase in the number of aphids-virus vectors flying on to potatoes (Tables 1 and 2 ). a Resistance on a scale of 1-9 scale (9 = extremely resistant) according to Michalak (2015) b Values in the first year indicate the base health of potato seeds (in some cases lower values of infection in successive years resulted from decreasing tuber numbers in some samples due to rot) c Lack of resistance in Polish conditions-proposed resistance rating after this research
In the group of cultivars with high resistance to PVY (grade 8 or 9 on a scale of 1-9; Table 3 ), six have the Ry gene (Plich and Flis 2012; Nowacki et al. 2013) , meaning that they are extremely resistant to PVY, what was confirmed in this work by lack of infection during entire investigation period (Table 3 ). The high resistance of these cultivars in practice enables their long-lasting cultivation in many regions of Poland. Among grade 7 cultivars, no significant differences in the infection of tubers were recorded. In general, this group of cultivars can be considered resistant to the virus in field conditions, because under the experimental conditions with high infection pressure and lack of protection, only single cases of tubers infected with PVY were observed. Only sporadically, these infections reached 3-5% (Table 3) . General assessment of field resistance against PVY, performed by COBORU in Poland does not differentiate the resistance to particular strains of PVY. During the last decade, the genetic structure of the Polish PVY population has changed, and it was found that different PVY strains may dominate in successive years (Zimnoch-Guzowska et al. 2013 ). Thus, it may happen that cultivars resistant to most strains will be more susceptible to another particular strain or isolate. If such strain will dominate the population during a given vegetation season, increase in infection level may be observed for resistant cultivars. This hypothesis may explain sporadic infections observed for resistant cultivars of grade 7 in this work (Table 3 ). In the group of fairly susceptible cultivars (grade 5-6), cvs. Etola and Viviana were rapidly infected-similar to most PVY susceptible cultivars (grade 3-4). Cultivars Hermes and Sylvana have not earlier been assessed for their resistance to viruses under Polish conditions. Although in the Netherlands, they are considered quite resistant (Hermes-grade 7, Sylvana-6.5 on a scale of 1-9, where 1 = susceptible, 9 = resistant; Peeten et al. 2011), they were very susceptible (grade 3-4) in Poland; in 2 years, 100% of all tubers became infected with PVY, which placed them in this particular category.
Currently, there is no state-run field research in Poland assessing the resistance of new cultivars to PVM. A limited amount of research is still carried out at the Plant Breeding and Acclimatization Institute-National Research Institute by the Młochów Research Centre, but this research is mainly on the selection of cultivars that are highly resistant to PVM and on determining reactions to potential infection after mechanical infection of the plant with a strong strain of virus under glasshouse conditions (Michalak and Wasilewicz-Flis 2013) . Note that among potato cultivars resistance to PVM is rare (Chrzanowska et al. 2011 ). According to the rate and level of infection following 3 years of field multiplication, the cultivars were divided into five classes of resistance. This classification system was previously proposed by Wróbel (2012) and was applied to group cultivars investigated in this work (Table 5 ). In the resistant group (Table 5) , no infection was recorded for four cultivars (Table 4) . These results were confirmed by the discovery of the Rm gene which is providing total resistance to PVM and which is present in the genotypes of these cultivars (Michalak and Wasilewicz-Flis 2013) .
Results obtained in this work confirm that importance of PLRV, which used to be in the past as important as PVY (Kostiw and Robak 2009 ) is currently very low. The virus not only did not occur at all in resistant cultivars but was also hardly occurring in fairly susceptible cultivars (5-6). Even among susceptible cultivars (3-4), PLRV was not detected or caused significant infections only during last two seasons of investigation (Table 6 ). This is intriguing, because numerous sources of PLRV infection were planted in the vicinity of the multiplied material. This may be explained by high specialization of the PLRV in interactions with aphids. Its main vector is M. persicae, for which only 156 specimens were recorded on plants among 2194 specimens of potato-colonizing aphids (Table 1) . Thus, while the infection sources were present, the low number of M. persicae will have been responsible for lack or low infection spread of PLRV. This corresponds well to data reported by Kostiw and Robak (2010) and Kostiw (2013a, b) . In these works, authors also observed lack of infection of susceptible cultivars by PLRV despite the presence of infection sources and they connected this to a decreasing number of M. persicae. These earlier reported data taken together with results presented in this work suggests that the lowering importance of PLRV strictly follows the constant decline in the number of M. persicae observed during the last three decades (Kostiw 2013a) . As for other viruses, also for PLRV, the resistance level determined elsewhere not always can be confirmed in Polish conditions. That was the case with the cv. Hermes, which was ranked as quite resistant in the Netherlands, but in this report due to significant infection, it was rated as susceptible (grade 3-4) in Poland.
Conclusions
Cultivar Gawin seems to be more resistant to PVY than was previously assumed. In addition, cvs. Hermes and Sylvana, which were assessed as quite resistant in the Netherlands, were evaluated as very susceptible cultivars with grade 3-4 under the conditions in this work.
The greatest susceptibility to PVM was found in cvs. Danuta and Stasia, while cvs. Zenia, Etiuda, Jubilat and Viviana were very resistant to PVM. No PVM was recorded in the tubers of cvs. Bursztyn, Gustaw, and Legenda, which additionally confirmed the presence of the resistance gene Rm.
In tubers of cv. Bursztyn that is susceptible to PLRV (grade 3-4), no PLRV was found during the entire investigation period, which may suggest greater field resistance than grade 3-4; by contrast, cv. Hermes, assessed in the Netherlands as quite resistant to PLRV, had 40% of its tubers infected, classifying it as a susceptible cultivar under Polish conditions.
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